We investigate light storage by electromagnetically induced transparency in a Pr 3+ :Y 2 SiO 5 crystal. The retrieval efficiency versus storage time shows pronounced oscillations, which are due to beating of dark-state polaritons in multiple Zeeman-shifted systems. As a significant obstacle for applications, the beating leads to periodic collapses of the retrieved signal. We demonstrate how to systematically control the perturbing oscillations in the retrieval efficiency by external magnetic fields. This enables suppression of collapses and retrieval of stored data at any storage time, approaching the limit set by the coherence time in the medium.
I. INTRODUCTION
In recent years, coherent light storage by electromagnetically induced transparency (EIT) was shown to be a powerful novel approach towards optical data storage in quantized media. EIT permits compression of a light pulse inside a medium and transformation of the entire optical information (i.e., amplitude, frequency, and phase) into an atomic spin excitation (atomic coherence) [1] . The applied radiation fields enable control of the propagation of the atomic coherence through the medium. Hereby it is possible to slow down, stop, and reaccelerate a light pulse [2, 3] . The concept also works for storage of single photons [4] or entangled states [5] . This indicates the potential of light storage by EIT beyond classical optical data storage, e.g., to implement a quantum memory or a quantum repeater [6, 7] .
The majority of experiments in light storage by EIT were conducted in atomic gases. In media of identical atoms, the coherence is typically stored in identical three-level -type systems. Due to decoherence processes, the retrieval efficiency in such systems simply decreases exponentially with the storage time. Some investigations of light storage by EIT were also carried out in gases, described by a manifold of -type systems [8] [9] [10] . In such media, the atoms are not identical (e.g., due to inhomogeneous broadening). Therefore, the driving radiation fields interact simultaneously with a manifold of (rather than a collection of identical) -type systems. In the following we we will call such a set of level schemes "multiple" -type systems.
The previous experiments in atomic gases showed an oscillation-like behavior in the retrieval efficiency versus storage time. This oscillation can be understood in a quite intuitive way as a beating of restored light pulses, emitted from different systems. As we will show in Sec. II, each of the single pulses (i.e., the involved single systems) exhibits a unique frequency, leading to constructive or destructive interference in the total signal intensity. Thus, the oscillation may lead to a full collapse of the retrieved signal for specific storage times.
In our work, we investigate light storage by EIT in a rare-earth-ion-doped solid. Pioneering work on EIT and light * georg.heinze@physik.tu-darmstadt.de † http://www.iap.tu-darmstadt.de/nlq storage in this type of media was performed by Ham, Hemmer, and co-workers [11, 12] . In recent years, such doped solids gained considerable interest for applications of light storage, e.g., in the field of quantum information processing. They provide advantageous spectroscopic features such as narrow homogeneous linewidths and rather long coherence times (i.e. similar to atomic gases), while also offering large optical densities. This enables storage of optical information by EIT for much longer times and at much higher storage densities compared to atomic gases. Moreover, doped solids provide spatially fixed interaction centers. Therefore, it is possible to store two-dimensional light patterns (i.e., images) in the crystal without losing information by atomic diffusion [13] . However, doped solids also exhibit a huge inhomogeneous bandwidth and a quite complicated level structure. Due to interactions with small magnetic fields, the level structure becomes even more complicated and yields a manifold of systems (rather than a single system). Thus, light storage by EIT in a doped solid exhibits pronounced oscillations and collapses in the retrieved signal versus storage time [13] . In previous experiments, we explained the oscillations as a beating of different dark-state polaritons (DSPs), driven at different frequencies in the multiple -type systems. DSPs are quasiparticles, associated with the formation of stored light by EIT. They consist of an atomic component (i.e., the atomic coherence, driven by EIT) and a photonic component [14] . DSPs are a valuable tool to describe the propagation of light under conditions of EIT.
During the storage process each DSP collects a specific phase. This phase corresponds to the level splitting of the two states that serve to store the atomic coherence. During the readout process, the phases are mapped onto the photonic components of the DSPs. In case of different level splittings (i.e., multiple systems), the DSPs beat with each other, yielding constructive and destructive interference in the retrieved signal. Hence, control of the level splittings in the medium will enable control of the oscillations in the retrieval efficiency-and suppression of collapses in the retrieved optical information.
In this paper, we systematically investigate the retrieval efficiency versus storage time in a light storage experiment, driven in a doped crystal. We demonstrate control of multiple Zeeman-split energy levels by variation of external magnetic fields. This permits full control of oscillations in the retrieval efficiency and full suppression of collapses in the retrieved signal. As a consequence, the retrieval efficiency for any storage duration up to the coherence time becomes enhanced, which also enables us to measure the coherence time in our medium.
II. STORED LIGHT IN MULTIPLE -TYPE SYSTEMS
In the following section we will give a brief review of light storage by EIT in a single system. Later we consider the effect of multiple systems. A detailed theoretical description can be found in [9] .
We consider a quantum system consisting of two lower states |1 and |2 and an excited state |3 [see Fig. 1(a) ]. A weak probe laser pulse couples states |1 and |3 at frequency ω p = ω 13 . The transition |2 ↔ |3 is driven by an intense coupling laser pulse at frequency ω c = ω 23 . The Rabi frequencies of both fields are given by p (t) = μ 13 E p (t)/h and c (t) = μ 23 E p (t)/h, respectively, with electric fields E p (t) and E c (t) and transition dipole moments μ 13 and μ 23 . Initially, the three-level system is in state |1 . At the beginning of the interaction (i.e., during the rising wing of the temporal laser profiles), we choose Rabi frequencies p c . In this case, the system evolves into a "dark" dressed state |d = cos θ |1 − sin θ |2 , with the mixing angle θ given by tan θ = p / c . At the end of the interaction we modulate now the temporal laser pulse shapes such that both Rabi frequencies p and c smoothly (adiabatically) decrease with constant ratio (i.e., maintaining a constant mixing angle θ ).
In this case, the group velocity of the probe pulse is reduced and finally the pulse is "stopped" in the medium. The probe field is transformed into an atomic coherence ρ 12 between states |1 and |2 . In terms of optical data storage, this corresponds to a "write" process of optical information (i.e., the probe pulse) into the atomic coherence. During storage the coherence evolves as ρ 12 
with the coherence time T 2 of the transition. The coherence time limits the maximal storage time. We note that in realistic systems the storage time τ is limited not only by decoherence (which causes homogeneous broadening) but also by dephasing (which is due to inhomogeneous broadening of the transition |1 ↔ |2 ) [15] . To retrieve the optical information encoded in the atomic coherence, we turn the control field on again. The second control pulse beats with the atomic coherence and generates the probe pulse. This corresponds to a "read" process in optical data storage. In terms of a DSP, the coherence ρ 12 defines the atomic component, and the probe pulse defines the photonic component. During light storage and retrieval the two components of the DSP are converted back and forth between each other. Due to its temporal evolution, the DSP collects a phase ϕ proportional to to the level splitting ω 12 .
We consider now multiple systems, i.e., N independent systems, which differ by the energy splitting ω (j ) 12 , j = 1, . . . ,N. This is a typical situation in many realistic media, e.g., due to level splittings in external background fields. Provided the spectral widths of the driving laser pulses are sufficiently large to cover all two-photon transitions |1
(j ) ↔ |2 (j ) , the stored light process takes place in each single system of the manifold. However, due to the variation in ω (j ) 12 , we excite now N different subsets of DSPs. During light storage each DSP collects its own phase ϕ
12 t. In the case of Zeeman splittings this phase depends on external magnetic fields B [16] . In the readout process the phases are mapped onto the photonic components, resulting in N probe pulses. These pulses interfere with each other. As an alternative statement, we may also write the following: The different DSPs (i.e., their photonic components) beat with each other. Thus, we describe the total retrieved signal by
with the initial amplitude S(0) at time t = 0. The coefficients a j account for the contributions of each atomic coherence ρ j to the restored signal. The latter equation indicates oscillations in the retrieved signal, yielding also collapses of the retrieval efficiency at specific storage times.
III. EXPERIMENTAL SETUP
The experiments are performed in a Pr 3+ :Y 2 SiO 5 crystal (hereafter termed Pr:YSO) with a length of l = 3 mm and a dopant concentration of 0.02% praseodymium. Figure 1( = |2 and |3 . Due to local imperfections of the crystal (causing variations of the electric field) the optical transition 3 H 4 ↔ 1 D 2 is inhomogeneously broadened by several GHz. In order to selectively address a defined system in a single ensemble of Pr 3+ ions, we apply an optical preparation sequence based on spectral hole burning prior to any experiment. For a review on such techniques in PrYSO, see [17] .
Under conditions of an external magnetic field B = 0 each degenerate hyperfine state splits into sublevels [18] . This splitting occurs in two magnetically different sites (A and B) of the praseodymium ions. The sites are defined by the crystal symmetry. If an external magnetic field breaks this symmetry, we detect a total of eight different level splittings between two hyperfine levels [see dashed arrows in Fig. 1(b) ]. Therefore, in the experiments on light storage in Pr:YSO we deal with multiple systems (eight subsets).
A single-longitudinal-mode dye laser (SIRAH Matisse DX) provides radiation at 605.98 nm with a residual frequency jitter bandwidth of 100 kHz. The continuous-wave radiation is split into the weak probe beam (power P
The crystal is placed inside a liquid helium cryostat to cool the medium to 4 K and reduce interactions with phonons. The crystal is surrounded by three orthogonal pairs of superconducting coils in Helmholtz configuration. This enables us to provide homogeneous static (DC) magnetic fields of arbitrary spatial direction and maximal strength of 300 G. Each coil is powered by a high-precision bipolar current supply offering a resolution in the static magnetic field below 10 mG. We calculate deviations from a perfectly homogeneous DC field within the crystal to be below 0.01%. To drive hyperfine magnetic dipole transitions within the electronic states 3 H 3 or 1 D 2 , e.g., |1 ↔ |2 , we installed a pair of small radio frequency (RF) coils close to the crystal. At an RF power of P RF = 10 W we get Rabi frequencies RF 2π × 80 kHz on the |1 ↔ |2 transition. The tunable RF source also enables us to accurately determine level splittings by Raman heterodyne spectroscopy or prepare RF pulses of well-defined pulse area, e.g., π pulses for applications of photon echoes.
IV. EXPERIMENTAL RESULTS
As discussed above, each hyperfine transition in Pr:YSO splits into eight components in an external magnetic field. We performed experiments on Raman heterodyne spectroscopy to record the level splittings on the RF transition |1 ↔ |2 , i.e., the combination of levels which serve to store the coherence in the light storage experiments. For details on Raman heterodyne spectroscopy, we refer the reader to [19] . Figure 2 shows a contour plot of the spectra around the central frequency of 10.2 MHz, when we vary magnetic fields in two directions y and z. The y axis is collinear with the C 2 symmetry axis of the crystal. The z axis is perpendicular to the C 2 symmetry axis. The intensity of the Raman heterodyne signal is encoded in gray scale. Black corresponds to strong Raman signals, and white means no signal. In the left half of in external magnetic fields. Shown are experimental data from Raman heterodyne spectroscopy (black traces) and simulations for sites A and B (red and green crosses). The experimentally obtained pattern (gray scale) consists of more than 500.000 data points, revealing the high-frequency resolution in the kilohertz range.
fixed at 40 G and varied B y up to 40 G. For vanishing magnetic fields B y = B z = 0 (i.e., at the axis of ordinates) the spectrum yields a single transition at 10.2 MHz. When we increase the magnetic field B z along the z axis, the transition splits into four branches (see Fig. 2 , left half of the plot). When we fix the magnetic field B z at 40 G and vary now the additional field B y , we observe a doubling of lines, indicating the two sites A and B (see Fig. 2 , right half of the plot). The experimental data are in excellent agreement with simulations based on the known spectroscopy constants of Pr:YSO. The corresponding parameters, e.g., effective Zeeman and quadrupole tensors, can be found in Table I of [18] . The spectra clearly show that magnetic fields induce significant level splittings in the doped solid. This affects any experiment on light storage in such media. As we will see below, already small magnetic background fields are sufficient to significantly perturb light storage and retrieval by EIT.
Next we discuss the effect of magnetically induced level splittings in Pr:YSO with respect to the efficiency of light storage. The probe and control pulses of sufficient intensity and appropriate pulse shapes (i.e., maintaining a constant ratio in the falling edges) drive an atomic coherence between states |1 and |2 . After some storage time τ , we read the coherence by applying the control pulse once more and retrieve the stored probe pulse from the medium. As a small extension of the basic setup, we apply an additional rephasing sequence of two RF π pulses at a frequency of 10.2 MHz. This serves to overcome the perturbing effects of dephasing in the inhomogeneous manifold of Pr 3+ ions and permit longer storage times. Figure 3 shows the variation of the retrieved intensity in a light storage experiment when the storage time τ (i.e., the delay between the "write" and "read" control pulses) is varied. No externally controlled magnetic fields were applied in this experiment. Without perturbations of the system by external magnetic fields we expect the retrieval efficiency to simply exponentially decrease (see dashed line in Fig. 3 ). The time scale of this decay is given by the coherence time in the medium, i.e., T 2 ≈ 500 μs [20] . However, the data deviate from the simple expectation of exponential decay. We observe pronounced oscillations and even complete collapses of the retrieval efficiency for certain storage times. As explained above, this is due to beating of DSPs (i.e., interference of retrieved light pulses) in multiple systems. Though we did not apply an externally controlled magnetic field in this case, even weak background fields ( 100 mG) drive sufficiently large level splittings to induce pronounced beatings in the retrieval efficiency. Figure 3 also shows a fit of the data according to Eq. (1) in multiple systems (N = 8 subsets). The experimental data agree perfectly with the fit, yielding level splittings ω
12 in the expected range of 10 kHz. Due to the strong oscillations in the retrieval efficiency, it is impossible to store light pulses for specific storage times, e.g. close to 300 or 750 μs, though the long coherence decay time would still permit this. This is a severe obstacle for data storage by EIT. Therefore, we require external control (or compensation) of level splittings. Figure 4 shows the retrieved intensity in light storage versus storage times for different externally controlled magnetic field strengths B z in the z direction. For B z = 0 in Fig. 4 we find the trace shown in Fig. 3 . If we apply fields B z < 0, we observe oscillations in the retrieved intensity with a shorter oscillation period. In this case the external field is applied in the same direction as the z component of the background field, leading to a larger total field strength. Hence, the hyperfine structure shows a larger level splitting, resulting in larger beat frequencies. If we apply a magnetic field B z > 0, we observe a reduction of the perturbing oscillations in the retrieved intensity. The effect of the perturbing background field is reduced by the control field B z in the opposite direction. The level splittings become smaller, resulting in smaller beat frequencies. We found an optimal compensation of the background field in the z direction at B z ≈ +0.7 G (red trace). The stored light signal now shows almost no oscillation. In particular there are no collapses of the retrieved intensity. If we further increase the magnetic field to values B z > +0.7 G, the oscillations in the retrieved signal start again. Now the control field induces strong level splittings-in the opposite direction to the effect of the background field. For magnetic field strengths in the range of 2 G the DSP beating and collapses in the retrieved signal become very strong and obvious. At the largest applied field strengths the level splittings become so huge that the corresponding optical transitions are fully out of two-photon resonance with the driving lasers. In this case EIT does no longer work.
We note that, for the data presented in Fig. 4 , we varied the magnetic field in the z direction only. Already this compensation in one dimension yields very good results (see the red trace in Fig. 4 for field strength B z ≈ +0.7 G) . However, the background field exhibits components in all three dimensions. A detailed analysis reveals that the level splittings induced by the field components in three dimensions affect each other (compare also Fig. 2) . Thus, the determination of the optimal compensation field in three dimensions by observation of DSP beatings requires a slightly more complex search strategy than simply combining independent observations in x,y,z directions. Thus in the experiment we determined the optimal compensation field in three dimensions: B x = 0.37 G,B y = −0.09 G, and B z = 0.43 G. As the values show, optimization in three dimensions yields a different value for the z component B z compared to the case of optimization in one dimension (see above). When we apply the optimal compensation field in three dimensions all perturbing oscillations in the retrieved intensity are completely suppressed (see upper, red trace in Fig. 5 ). Light storage by EIT works in the maximal range of storage times only limited by decoherence processes. The fit in Fig. 5 (black, dashed line) yields a coherence time of T 2 = 448 ± 11 μs, i.e., very close to the expected range of 500 μs [20] . The retrieval efficiency shows a significant enhancement of the storage efficiency for any storage duration. As a minor exception to this behavior, we observe a peak in the retrieved intensity at τ = 500 μs for zero external field. This deviation might be due to a small gradient of the background field, which we cannot compensate for in our experimental geometry (i.e., using Helmholtz coils). Nevertheless, the data clearly demonstrate complete suppression of perturbing DSP beatings by external magnetic fields.
V. SUMMARY
We implemented experiments on light storage by EIT in atomic coherences in a Pr 3+ :Y 2 SiO 5 crystal, exposed to external static magnetic fields. We observed pronounced oscillations of the retrieval efficiency versus storage time. The strength and frequency of the oscillations depend upon the strength and direction of the magnetic field. Even under conditions of zero externally controlled magnetic field, small background fields are sufficient to induce perturbing oscillations and collapses of the retrieval efficiency. The oscillations are due to level splittings, induced by the magnetic field in three dimensions. Therefore, the light storage experiment is driven in multiple systems, leading to beating of the photonic components of DSPs and periodic modulation of the retrieval efficiency versus storage time. We monitored the complicated level splittings by Raman heterodyne spectroscopy and compared the experimental data to calculations. To control the oscillations in the retrieval efficiency, we applied external static magnetic fields in three dimensions. By variation of the field strength we precisely controlled DSP beatings. At appropriate values of the magnetic fields, we compensated for the effect of background field and completely suppressed the perturbing DSP beatings. Light storage by EIT was now possible at maximal efficiency and in the maximal range of storage times, both limited by decoherence processes only.
